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ABSTRACT
We report on the discovery of a dramatic change in the energy spectrum of the X-
ray pulsar GX 304−1 appearing at low luminosity. Particularly, we found that the
cutoff power-law spectrum typical for accreting pulsars, including GX 304−1 at higher
luminosities of LX ∼ 10
36
−1037 erg s−1, transformed at lower luminosity of LX ∼ 10
34
erg s−1 to a two-component spectrum peaking around 5 and 40 keV. We suggest
that the observed transition corresponds to a change of the dominant mechanism
responsible for the deceleration of the accretion flow. We argue that the accretion flow
energy at low accretion rates is released in the atmosphere of the neutron star, and
the low-energy component in the source spectrum corresponds to the thermal emission
of the optically thick, heated atmospheric layers. The most plausible explanations
for the high-energy component are either the cyclotron emission reprocessed by the
magnetic Compton scattering or the thermal radiation of deep atmospheric layers
partly Comptonized in the overheated upper layers. Alternative scenarios are also
discussed.
Key words: accretion, accretion discs – pulsars: general – scattering – stars: magnetic
field – stars: neutron – X-rays: binaries
1 INTRODUCTION
Spectral energy distribution of astrophysical objects reflects
physical processes responsible for the observed emission. Ex-
treme conditions in the vicinity of highly magnetized neu-
tron stars (NS), X-ray pulsars (XRPs), result in a very com-
plex interplay between various physical and geometrical ef-
fects happening in the emission regions. As a consequence,
no physically motivated spectral model able to describe spec-
tra of various XRPs at different luminosities emerged so far.
Moreover, the existing models focus on the description of X-
ray spectrum at high luminosities (see e.g. Becker & Wolff
2007; Farinelli et al. 2016) as no high-quality observations at
low luminosities were available until recently. From observa-
tional point of view, spectra of all bright XRPs are quite
similar, and can be roughly described with a cutoff power-
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law type continuum. We note, however, that there is at least
one exception: a low-luminosity XRP X Persei.
The spectrum of this persistent Be X-ray binary de-
viates significantly from the standard picture and exhibits
two distinct humps with maxima around 10 and 60 keV.
Several interpretations have been suggested to describe the
observed spectrum. Di Salvo et al. (1998) proposed the con-
tinuum model consisting of two cutoff power-law compo-
nents. The soft component was attributed to the partially
thermalized emission from the NS atmosphere, whereas the
hard component was suggested to be associated to the opti-
cally thin cyclotron emission in a strong magnetic field. Al-
ternative interpretation was proposed by Doroshenko et al.
(2012), who associated the two spectral components with
thermal and bulk Comptonization in the vicinity of the NS.
Finally, the source spectrum can be described with a single
continuum component, for example, in the form of a power
law modified by the high-energy cutoff, which is typical for
c© 2018 The Authors
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bright XRPs. In this case, however, inclusion of a deep broad
absorption feature at ∼ 30 keV is required (cyclotron reso-
nant scattering feature, CRSF; see e.g. Coburn et al. 2001;
Lutovinov et al. 2012).
The main difference between X Persei and others XRPs
observed in broad energy band is that it has a significantly
lower luminosity of a few times 1034 erg s−1. Unfortunately,
X Persei is a persistent source with insignificant variations
in the mass accretion rate, so it was not possible to observe
this source also at higher luminosities, and verify whether
its spectrum at much higher accretion rates is more similar
to that of other XRPs. On the other hand, observations of
more distant sources at comparably low luminosity levels
were not possible until recently, thus their behaviour at low
accretion rates remained largely unexplored.
The situation has changed with the launch of NuS-
TAR observatory (Harrison et al. 2013), which allows de-
tailed investigations of transient systems with Be compan-
ions (Be/XRP) known to exhibit giant outbursts covering
luminosity range of up to 5 orders of magnitude (see e.g.
Reig 2011).
In this work we present results of the spectral analysis
of the X-ray emission from one of the most suitable for such
research transient Be/XRP GX 304−1 observed with NuS-
TAR at a luminosity around 1034 erg s−1, the lowest ever
observed for this source (Rouco Escorial et al. 2018). The
source exhibits regular Type I outbursts almost every pe-
riastron passage (Ku¨hnel et al. 2017), covering broad range
of mass accretion rates. It has a relatively long pulse pe-
riod of ∼ 272 s (McClintock et al. 1977) and orbital period
of ∼ 132.5 d (Priedhorsky & Terrell 1983). The magnetic
field of the NS in the system is known from the CRSF en-
ergy of ∼ 54 keV (Yamamoto et al. 2011). Note that the
CRSF energy also exhibits clear positive correlation with
the source luminosity (Klochkov et al. 2012). The distance
to the source is now known with high accuracy thanks to
the Gaia results (d = 2.01± 0.15 kpc, Treuz et al. 2018).
2 DATA ANALYSIS AND RESULTS
The source was observed with NuSTAR on 2018 June 3 (Ob-
sID 90401326002; MJD 58272-58273). The raw data were
processed following the standard data reduction procedures
described in the NuSTAR user guide, and using the stan-
dard NuSTAR Data Analysis Software (nustardas) v1.6.0
provided under heasoft v6.24 with the CALDB version
20180814. The source and background spectra were ex-
tracted from the circular regions with radius of 60′′ using the
nuproducts routine. The background was extracted from
a source-free region in the corner of the field of view. Total
exposure time of the analyzed observation is 58 ks.
To expand our spectral analysis to lower energies, we
used the data from the XRT telescope (Burrows et al. 2005)
on-board the Neil Gehrels Swift Observatory (Gehrels et al.
2004) obtained simultaneously with NuSTAR (ObsID
00088780001). Observation was performed in Photon Count-
ing (PC) mode with total exposure of 2 ks. Spectrum extrac-
tion was done using the online tools (Evans et al. 2009)1
1 http://www.swift.ac.uk/user_objects/
Figure 1. EFE spectra of GX 304−1 in different states with lu-
minosity varying by more than three orders of magnitude, from
2.2× 1037 erg s−1 and 0.2× 1037 erg s−1 for the two top spectra
down to ∼ 1034 erg s−1 for the bottom one. The bright state
spectra (grey circles) are taken from Mushtukov et al. (2015b).
The black, red and blue crosses correspond to the Swift/XRT and
NuSTAR FPMA and FPMB data in the low state of GX 304−1,
respectively. The solid line represents the best-fitting model con-
sisting of two comptt components shown with dashed lines. The
corresponding residuals are presented at the lower panel.
provided by the UK Swift Science Data Centre. To fit the
spectra in the xspec package we binned the spectra to have
at least 1 count per energy bin and fitted them using W-
statistic (Wachter et al. 1979).2 The data from Swift/XRT
and NuSTAR were used in the 0.3–10 keV and 3–79 keV
bands, respectively.
The broadband spectrum of the source as observed by
NuSTAR and Swift/XRT at luminosity around 1034 erg s−1
is shown in Fig. 1 (lower data points). The spectrum shows
two humps around 5 and 40 keV of approximately same
fluxes. This is very different from the INTEGRAL spectra at
higher luminosities of 2.2×1037 and 0.2×1037 erg s−1(upper
two sets of data points in Fig. 1, Mushtukov et al. 2015b),
which can be well fitted with the standard XRP power-law
model modified by a high energy cutoff and a cyclotron ab-
sorption line at ∼ 60 and ∼ 50 keV, respectively.
To fit the low-state spectrum we explored several mod-
els representing different combinations of physically moti-
vated and phenomenological components. Particularly, to
model the second hump in the spectrum as a separate emis-
sion component, we used (i) a combination of two Comp-
tonization components (comptt+comptt model in xspec,
Titarchuk 1994); (ii) a combination of Comptonization for
the low-energy hump and an emission line with Gaussian
profile for the high-energy one (comptt+Gau model in
xspec). Alternatively, the spectrum can be described with a
single-component continuum modified by an absorption fea-
ture around 15 keV. In particular, we used comptt+gabs
combination. Another possibility is to consider bulk Comp-
tonization model comptb (Farinelli et al. 2008) to describe
2 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/XSappendixStatistics.html
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Table 1. Best-fitting results for the GX 304−1 broadband spec-
trum obtained with NuSTAR+Swift/XRT.
Parametera Low-energy part High-energy part
comptt+comptt
T0, keV 0.46± 0.07
Tp, keV 1.72
+0.05
−0.08 8.7
+0.9
−0.4
τp 8.4
+1.3
−0.9 & 10
FX, 10
−12 erg s−1 cm−2 13.3+0.3
−0.6 7.2
+1.0
−0.5
C-statistic (d.o.f.) 1813.3 (1875)
comptt+gau
T0, keV 0.45± 0.07
Tp, keV 1.72
+0.08
−0.07
τp 8.3± 0.5
FX, 10
−12 erg s−1 cm−2 13.2+0.2
−0.3 6.6
+0.7
−0.5
Egau, keV 18
+3
−5
σgau, keV 16
+3
−2
C-statistic (d.o.f.) 1810.3 (1875)
comptt+gabs
T0, keV 0.63± 0.04
Tp, keV 15± 6
τp 1.6
+0.9
−1.5
Egabs, keV 14.9± 0.3
σgabs, keV 4.9
+0.6
−0.5
Depthgabs 13.3
+3.5
−2.4
FX, 10
−12 erg s−1 cm−2 25.7+1.8
−1.1
C-statistic (d.o.f.) 1826.4 (1877)
a Here Tp, τp and T0 are the plasma temperature, plasma optical
depth, temperature of the seed photons for the comptt model.
Fluxes are given in the 0.5–100 keV energy range. The hydro-
gen column density is fixed at the Galactic value in the source
direction NH = 1.1× 10
22 cm−2.
the whole continuum, however, we note that the effect of
bulk motion should be negligible because of the expected
small optical depth of the infalling gas at small accretion
rates (see Sect. 3.2). We emphasize that parameters of the
used Comptonization models have physical meaning only for
low magnetic fields and they should be treated with caution
for the high-field XRPs.
We also included phabs component to account for in-
terstellar photoelectric absorption with NH fixed at the
Galactic value in the source direction of 1.1 × 1022 cm−2
(Kalberla et al. 2005), because neither strong absorption
was ever reported for this source, nor was required by our
fit. To account for minor differences in the absolute flux
calibration of the FPMA and FMPB instruments on-board
NuSTAR and Swift/XRT telescope, the normalization fac-
tors were added to the separate data groups. As a result the
fluxes from FPMA and FMPB instruments match to within
2–3 per cent, whereas the XRT normalization is about 1.3
times lower likely due to the fact that NuSTAR and Swift
observations were not strictly simultaneous. In Fig. 1 the
Figure 2. The spectra of X Persei as seen by the INTEGRAL ob-
servatory (green points; Doroshenko et al. 2012) and GX 304−1
along with the best-fitting models consisting of two Comptoniza-
tion components. Separate model components (comptt in xspec)
are shown with dashed and dash-dotted lines for GX 304−1 and
X Persei, respectively.
fit with two Comptonization components is shown with the
corresponding residuals.
The fit results are presented in Table 1 and can be sum-
marized as follows: (i) the spectrum can be fitted equally
well with all sets of models; (ii) in the case of two sepa-
rate spectral components, the flux in the high-energy part
is about half of the low-energy one; (iii) in the case of two
Comptonization components, the plasma temperature of the
high-energy component is about 5 times the low-energy one.
3 DISCUSSION
The spectrum of GX 304−1 in the low-luminosity state re-
sembles the spectrum of another Be/XRP X Persei obtained
at only slightly higher luminosity, LX ∼ 8×10
34 erg s−1 (see
Fig. 2). Both sources exhibit double-hump spectra with com-
ponents peaking at energies separated by a factor of about 5–
10. This similarity suggests that physical processes respon-
sible for the spectrum formation at low mass accretion rates
are also similar. In this section we discuss the possible na-
ture of the emission from GX 304−1 in the low state and
the reasons for the observed abrupt changes of the source
spectrum.
3.1 Cyclotron line
As already mentioned, a cyclotron line is observed in the
spectrum of GX 304−1 at high luminosities (Walter et al.
2015). Moreover, a positive correlation of the line energy
with the luminosity has been reported (Klochkov et al.
2012). Particularly, the energy was found to decrease from
∼ 60 keV at luminosity of L = 2.2 × 1037 erg s−1 to
∼ 50 keV at ten times lower luminosity (Mushtukov et al.
2015b). Therefore, one may argue that observed two compo-
nent spectrum of the source is mimicked by an absorption
feature at ∼ 15 keV between two humps in the source spec-
trum, which is the cyclotron line shifted from the original
∼ 60 keV due to substantially lower mass accretion rate.
The extrapolation of the observed correlation to low
fluxes implies, however, significantly higher energy Ecyc ≈
MNRAS 000, 1–5 (2018)
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30 keV. Moreover, such a large decrease appears to be un-
realistic in the context of the two models proposed so far to
explain the observed correlation of line energy with flux. In
the model by Mushtukov et al. (2015b), the observed corre-
lation is produced by the Doppler effect in the flow, whose
velocity is affected by radiation pressure, which is more effi-
cient at higher luminosities. The maximal relative shift here
is limited by a factor of two, as the flow velocity changes
from the free-fall with v ≈ 0.5c to zero. Because the highest
observed line energy is ∼ 60 keV, the lowest possible energy
is ∼ 30 keV, which is significantly higher than the observed
∼ 15 keV.
The second model associates shifts of the CRSF energy
with changes of the height of a collisionless shock above the
NS polar cap (Rothschild et al. 2017). For the dipole field,
the decrease of line energy from ∼60 to 15 keV implies an
increase of the height of the line forming region by half a NS
radius. The geometric dilution of radiation from a polar cap
of size < 100 m is very significant at such height, with only
∼1 per cent of the cap continuum photons passing through
the cross-section of the accretion channel (which is only 3–4
times larger at this height than the cap area). We conclude,
therefore, that the description of the observed low luminosity
spectrum of GX 304−1 with a single continuum component
with a CRSF at ∼ 15 keV is implausible also in this model.
3.2 Nature of the high-energy component
The conclusion above implies that the two humps in X-ray
spectrum of the source are likely indeed two separate com-
ponents. The soft blackbody-like component with a typical
temperature of kT ≤ 2 keV can be explained as radiation
from hotspots at the NS surface heated up by the accre-
tion process. However, the origin of the second component,
which can also be fitted by a blackbody with the tempera-
ture ≈ 9 keV or a broad Gaussian emission line (see Table 1)
is much less clear. Below we discuss several possible physical
origins of this spectral component:
(i) Bulk Comptonization. As was mentioned in the Intro-
duction, hard spectral component in X Persei was described
by the model of bulk Comptonization in the accretion chan-
nel (Doroshenko et al. 2012). We note that the effective
interaction between electrons and photons is only possi-
ble if optical depth of the interaction region is sufficiently
large (τ ∼ 5 − 10). Such optical depth across the accre-
tion flow is only realized at high accretion rates correspond-
ing to the onset of an accretion column (Mushtukov et al.
2015a). In case of GX 304−1, an upper limit on the Thom-
son optical depth in the interaction region is about τT ≈
0.01(LX/10
34 erg s−1)≪ 1 (see Eq. (18) in Mushtukov et al.
2015a). We conclude, therefore, that bulk Comptonization
is likely inefficient in GX 304−1 and in other pulsars with
LX ≤ 10
35 erg s−1, i.e. including X Persei. This conclu-
sion is also supported by our spectral fit using the comptb
model. Particularly, fixing efficiency of bulk over thermal
Comptonization (parameter δ) at zero value allows us to
get an excellent quality fit with parameters similar to the
comptt+comptt model.
(ii) Collisionless shock. The hard component may
originate from the collisionless shock above NS sur-
face (Shapiro & Salpeter 1975; Langer & Rappaport 1982),
where the kinetic energy of the accreting particles is trans-
ferred to their thermal energy with characteristic tempera-
tures for ions and electrons being close to their virial tem-
peratures. In this case, Coulomb interactions might be ef-
fective enough to transfer thermal energy of ions to the
electrons which are able to cool effectively by cyclotron ra-
diation, resulting in cooling of the post-shock region and
settling of the plasma onto the NS surface. The height of
the post-shock region determined by the cooling rate is
comparable to the NS radius and its spectrum for M˙ =
6 × 1014 g s−1 does qualitatively resemble the spectra ob-
served in X Persei and GX 304−1 in their low-luminosity
state (Langer & Rappaport 1982). However, the spectra in
this model were computed under assumption of optically
thin cyclotron emission, which is not correct, and the physi-
cal mechanism for the formation of a hypothesized collision-
less shock is not really clear. It is therefore premature to
draw any firm conclusions.
(iii) Cyclotron emission. Thermally broadened cyclotron
emission as a source of the hard component in X Persei was
discussed by Di Salvo et al. (1998) based on the model by
Nelson et al. (1993). Because the line forming region in this
scenario is assumed to be located at the NS surface, the
temperature determining the line broadening was expected
to be similar to the temperature of the soft component of
about 2 keV, which is much smaller than the observed width
of the hard component. On the other hand, the upper layers
of the NS atmosphere heated by the accretion are not cooled
efficiently by their thermal emission and can be overheated
to ∼ 10 − 100 keV depending on the accretion rate and the
magnetic field strength (Zane et al. 2000; Deufel et al. 2001;
Suleimanov et al. 2018; Gonza´lez-Caniulef et al. 2018). In
this case, thermal broadening of the cyclotron emission line,
which forms in these hot layers, is high enough to explain
the observed width of the hard component. However, there
is still a strong discrepancy between the model and obser-
vations in GX 304−1: the hard component reaches its max-
imum at an energy significantly below the cyclotron energy
at the NS surface. We argue that this discrepancy can be ex-
plained by specifics of radiative transfer in the atmosphere
of highly magnetized NS which is determined by multiple
Compton scattering of X-ray photons. The scattering cross-
section is resonant at the cyclotron energy (Mushtukov et al.
2016) and photons cannot leave the atmosphere close to this
energy. Instead, photons diffuse to lower energies by scatter-
ings and leave the atmosphere in a low-energy wing, where
the cross-section is small enough. Thus, the hard component
can be explained by cyclotron emission in the atmosphere
heated by accretion and reprocessed by magnetic Compton
scattering.
(iv) Thermal Comptonization. Existence of the over-
heated upper layers of the NS atmosphere can explain the
hard energy spectral component by the Comptonization of
ordinary mode photons (which experience Compton scatter-
ing with a larger cross-section in comparison with extraor-
dinary photons). The examples of Comptonized spectra cal-
culated by Lyubarskii (1988) show two components, which
should have significant difference in polarization. This sce-
nario can be verified with upcoming X-ray polarimeters. We
note that Comptonization of extraordinary mode photons
is also expected to contribute to the broadening of the cy-
clotron line discussed in previous paragraph, i.e. two mech-
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anisms are highly complementary and likely operate simul-
taneously. These effects should be taken into account in de-
tailed calculations of emerging spectra and polarisation.
4 CONCLUSION
We presented here the analysis of the spectrum of XRP
GX 304−1 observed with NuSTAR in a very low state with
LX ∼ 10
34 erg s−1. The spectrum was found to differ dramat-
ically from the previously observed spectra of the source at
higher luminosities (LX ∼ 10
36
−1037 erg s−1). The latter are
typical for XRPs and can be described by Comptonization
in a hot electron slab with a cyclotron absorption feature at
45–60 keV. On the other hand, at low luminosity two com-
ponents with characteristic temperatures of kT ∼ 2 keV and
∼ 10 keV can be identified. A similar spectrum has been
reported previously only for the persistent low-luminosity
XRP X Persei. A transition between the two spectral states
has, however, never been observed in any XRP.
Given the similarity in low-luminosity spectra of
GX 304−1 and X Persei, it is reasonable to assume that
the physical processes shaping their spectra are also similar.
The bulk Comptonization interpretation invoked previously
for X Persei to explain the hard part of the spectrum is,
however, problematic for GX 304−1 due to necessarily low
optical depth of the accretion flow. We have also demon-
strated that the two-component spectrum cannot be mim-
icked by the flux depression between the two components by
the resonant scattering.
We considered two possibilities to explain the observed
low-luminosity spectrum of GX 304−1. The first scenario is
associated with electron heating by hot ions. In this case, the
softer component is associated with thermal emission from
the deep layer of temperature ∼ 2 keV, while the harder
component is associated with cyclotron photons reprocessed
further by magnetic Compton scattering in the upper lay-
ers of the atmosphere. In the second scenario, the thermal
polar cap emission is partly Comptonized in the overheated
upper layers of the atmosphere. Both these models are rather
qualitative at this stage and have to be verified by numerical
modelling and comparison with the available observations of
both sources.
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